Chemical looping combustion (CLC) is regarded as the "second-generation" CCS for power generation, and it has been mainly focused on to be operated on two interconnected fluidized bed. With the previously abundant and relative matured experience in operating CLC in fluidized bed, power generation from fluidized bed CLC is a "near-term" solution for practical utilization of CLC. In this work, we proposed a novel process by thermally coupled fluidized-bed CLC with advanced supercritical CO2 cycle (CLC-sCO2). From the preliminarily results of thermodynamic performance, approximately 6.4 percent points of net electricity efficiency is benefited from this novel process as against that of conventional CLC-steam cycle process, reaching 48.13% closematch to that of a conventional NGCC process with CO2 capture (49.38%). To further elevate thermal efficiency of CLC-sCO2, improvements are conducted by operating a low-pressure fluidized bed CLC and replacing one-stage supercritical CO2 compressor into two-stage intercooling compressors, as can be expected, approximately 2% of additional thermal efficiency is earned in an improved CLC-sCO2 system. Finally mapping of future CLC power station including "near-term", "long-term" and future period is included.
Introduction
It is clear and incontrovertible that growth in global population and economic activities will contribute to huge increase in CO2 emissions, which may lead to planet temperature rise and irreversible climate change. As expected, if effective methods to mitigate CO2 emissions are still inefficient, the global CO2 emissions will be increased from currently ~40 Gt CO2/yr to ~100 Gt CO2/yr by 2050 [1] . Chemical looping combustion (CLC) is the most promising technology that has the potential to replace the "first generation" CO2 capture and storage (CCS) in the future, i.e. pre-combustion, oxy-fuel, and post-combustion. CLC is an attractive option for CO2 capture because CO2 is inherently separated from the combustion process, and thus no or little energy is expended to perform CO2 capture.
CLC was first proposed by Ishida and Jin [2, 3] . During the last three decades, with the continuous R&D efforts, CLC technology has been grown from "proof of concept" to scaling-up pilot plant (maximized to 3 MWth [4] ) with the cooperation of many research groups and participating industry companies.
In the latest years, CLC has been mainly focused on two interconnected fluidized bed reactors in order to accomplish the industry application. From previously continuous tests, it has been confirmed the use of interconnected fluidized bed was capable of running CLC. However a major problem related to fluidized bed based CLC is the atmospheric or low-pressure operation. There still have several technical problems to maintain a stable solid circulation between the reactors under pressurized conditions. If fluidized-bed CLC is used for power generation, and not pressurized, CLC integrated with steam cycle is current option for "near-term" CLC power plant. It was estimated a natural-gas fuelled CLC steam cycle power plant acquired a net power efficiency of 40.1% including captured CO2 compression [5] , however by comparison, the power efficiency of a conventional natural gas combined cycle has been approached to 59.62% without CCS at a turbine inlet temperature of 1425 o C and a pressure ratio of 20 bar, considering CCS, the efficiency will drop to 49.38% [6] . Therefore it can be revealed that the current fluidized-bed CLC would limit the efficiency of the underlying thermal cycle to that of a steam cycle, rather than a more effective combined cycle [7] . Even though some other reactor configurations have been presented for pressurized operation of CLC, such as alternating packed bed [8] and rotating reactor [9] , these design concepts are still far from practical tests in relative to experienced fluidized bed CLC, still needing experimental validated for demonstrating their feasibility on a large scale.
Therefore, for the purpose of future commercialization of CLC for power generation in the near-coming years, improvement of current fluidized bed CLC power station is of importance to make CLC technical feasibility by means of increasing power efficiency. In this work, we first present a novel process by thermal integration of chemical looping combustion with downstream supercritical CO2 cycle (CLC-sCO2) instead of current steam cycle. Supercritical CO2 operated in a closed-loop recompression Brayton cycle, which offers the potential of higher cycle efficiency as against supercritical steam cycle at temperatures relevant to fluidized bed CLC (approximately 900 o C). The aim of this study is to evaluate the thermodynamic performance of the CLC-sCO2 process for power generation. Firstly we present the basic configuration of this novel process; secondly thermodynamic performances of this regarded process vs. conventional CLC integrated steam cycle are conducted; subsequently a sensitivity analysis is involved to examine the process feasibility; finally further improvement is put forward to further increasing the thermal efficiency of the CLC-sCO2 power generation. Fig. 1 presents the process configuration of the fluidized bed chemical looping combustion thermally coupled with supercritical CO2 cycle (CLC-sCO2) for power generation. This novel process mainly consists of three subunits, namely chemical looping combustion system, supercritical CO2 cycle system, and gases preheating and heat recovery system. As shown, the fuel (CH4, at atmospheric condition) is fed to the fuel reactor (FR) prior to it being preheated to 246 o C via EX1. During this step, the fuel is fully oxidized to CO2 and H2O, with corresponding reduction of oxidized oxygen carriers (NiO/NiAl2O4) to their reduced state (Ni/NiAl2O4). Subsequently the Ni/NiAl2O4 particles are transported into the air reactor (AR) by means of gravity force. In the AR, to regenerate oxidized carriers, the reduced ones are re-oxidized with air. Due to heavily exothermic oxidation in the AR, abundant heat will be released, and cooled supercritical CO2 (527 o C, 300 bar) is employed to collect the excessive heat released in the AR. Following, the heated supercritical CO2 (800 o C, 300 bar) is, then, expanded in the turbine, transforming physical energy contained in heated supercritical CO2 stream to electricity. The exhausted supercritical After that, the exhaust gas from the AR (110 o C) can be discharged directly to the atmosphere in an environmental-friendly way; the exhaust gas from the FR (110 o C) mainly composed by CO2 and H2O, and water condensation benefits for zero-energy-penalty separation of CO2, subsequently CO2 can be compressed to pipe-transport pressure and ready for transportation. 
Process description

Fluidized bed chemical looping combustion with supercritical CO2 cycle(CLC-sCO2)
Modeling
This novel process is simulated with a computer model using the flow-sheeting Aspen Plus with the existing functions and built-in modules. The PR-BM method uses the Peng-Robinson cubic equation of state with the Boston-Mathias alpha function for prediction of the thermodynamic data and phase behavior of a material stream, and it is recommend for gas processing application. The simulation description and design specifications of the CLC-sCO2 are listed in Table 1 . 
Benefits of CLC-sCO2
As explained previously, owing to the atmospheric operation of fluidized bed CLC, the current option of fluidized bed CLC power station by integrated with steam cycle is not energy-efficient. Herein a more energyefficient CLC-sCO2 power station is presented to offer improvement possibility for "near-term" chemical looping combustion based power station. In comparison with current CLC integrated with steam cycle power station, several advantages can be obtained in the CLC-sCO2 power process including:
 Supercritical CO2 can achieve higher power efficiency over a wide range of heat resources. The air reactor of the fluidized CLC system is maintained at 850 o C in this study, and the temperature difference between heat resource and working fluid leads to irreversibility destruction; the higher the temperature difference is, the higher the irreversibility destruction occurs. The maximum operating temperature of an ultra-supercritical steam cycle is maintained at approximately 700 o C (pressure more than 300 bar), by contrast employment of supercritical CO2 as working fluid is capable of better fitting AR operating temperature (maintained at 800 o C).  Supercritical CO2 is a low-cost fluid which is non-toxic, non-flammable, non-corrosive and readily available, and high fluid density of sCO2 renders extremely compact turbomachinery designs.  Supercritical CO2 turbine is very compact and higher efficiency with smaller body design in comparison steam turbines, which usually require multi-stage turbines, i.e. high, medium and low-pressure.
Results and discussion
Comparison between fluidized bed CLC-sCO2 cycle and -steam cycle
In order to demonstrate the benefits of CLC-sCO2 cycle for power generation in relative to common CLC-steam cycle, a comparative thermodynamic performances of both systems are presented in Table 2 . Obviously, CLC-sCO2 process requires a higher compression work (24.48 MW) in comparison with CLC-steam cycle (1.03 MW), as the major increment of compression work contributes for supercritical CO2 compression. As a consequence, the total energy input is expected to be reduced in CLC-steam cycle, as 201.03 MW in CLC-steam cycle vs. 224.48 MW in CLC-sCO2. However the electricity output in CLC-sCO2 is increased by 15.34% against CLC-steam cycle, benefited from the closer match between supercritical CO2 fluid (800 o C) and AR operating temperature (850 o C). Finally approximately 6.4% of net electricity efficiency is benefited from CLC-sCO2 power plant, as compared with CLCsteam cycle. Therefore it can be inferred integration of CLC with supercritical CO2 cycle has the ability to be considered as "near-term" solution for utilization of fluidized-bed chemical looping combustion for power generation to achieve 100% CO2 capture, when it compares with a NGCC power plant with 90% CO2 capture (net efficiency of 49.38% as illustrated previously). 
Parameter analysis
In CLC-sCO2 cycle process, two parameters, namely supercritical CO2 cooling temperature (condenser temperature) and supercritical CO2 working pressure, are essential to determine the system performance. To examine the influence on system performance with both variant parameters, sensitivity analyses are conducted and performed in this work, as shown in Fig. 2 . Clearly, as supercritical CO2 cooling temperature changes in the range of 34-42 o C, the net electricity efficiency fast drops from 48.13% to 46.99% (shown in Fig. 2 (a) ), resulting from the increase in supercritical CO2 compression work with correspondingly increasing from 24.48 MW to 32.85 MW. Enhancement of compressor inlet temperature surely elevates the compression work. As such, the net electricity output decreases with supercritical CO2 cooling temperature.
By contrast, enhancement of supercritical CO2 working pressure benefits net electricity efficiency, as increasing from 47.24% to 48.20% in the pressure ratio range of 2.86-4.16 (correspondingly to working pressure from 220 bar to 320 bar, as shown in Fig. 2(b) ). Increasing supercritical CO2 working pressure definitely contributes to compression work, with correspondingly increasing from 20.3 MW to 26.2 MW. However, adopting supercritical CO2 Brayton cycle has an attractive feature of low compression work, as the net electricity efficiency increases with its working pressure, even though high-pressure operation requires supplemental compression work. It is worthy noted further increasing working pressure ratio, beyond 3.90 (with correspond to working pressure of 300 bar), the thermal efficiency of the whole process increases slowly. Besides, further increase in pressure ratio is not economically interesting considering that cost related to high-pressure-resistance materials for supercritical CO2 transport. To summarize, it has been observed a relatively optimum pressure pressure ratio nearest to the value of 3.90 (300 bar) corresponding to both net electricity efficiency benefit and economic feasibility. 
Further improvement
Further improving possibility
The presently studied technology, i.e. system that operated under fluidized bed at atmospheric pressure and temperatures of 850 o C using supercritical CO2 fluid for thermal cycle, has obtained optimistic thermodynamic performances in relative to conventional CLC system with steam cycle. The net electricity efficiency of this CLCsCO2 is expected to be 48.13%, which is slightly lower than that of a conventional NGCC plant with CO2 capture (49.38%). However there still exist further improving possibilities for CLC-sCO2 cycle power plant to further elevate net electricity efficiency, including:
 Reduction of compression work in supercritical CO2 cycle. Even though one of the main advantages of employment of supercritical CO2 as working fluid is its relatively lower compression work, further reduction of compression work is possible. As one option, intercooling multistage compressor is capable of further reducing energy penalty for compression process [10] .  Adoption of pressurized CLC. As explained previously, operation of CLC in fluidized bed at atmospheric condition resists the efficiency of the CLC which can be operated in pressurized conditions and thermally coupled with downstream combined cycle. However it had been experimentally discovered the reactivity of oxygen carriers with reducing gases exhibited resistance effect with increasing operating pressure, for example the NiO oxygen carrier conversion with H2 under atmospheric pressure can be 100% accomplished in approximately 1 min, however this conversion can only be obtained at approximately 90% at 10 atm and approximately 60% at 30 atm under the same reaction period [11] . As such, it offers possibility to further improve the net electricity efficiency by operating CLC at low-pressure condition (~5 atm), for example operated in pressurized fluidized bed, and this improvement is suitable to integrate downstream distributed energy system (i.e. combined cooling, heating and power, CCHP).
Improved CLC-sCO2 process
Inspired by both considerations as noticed above, the improved CLC-sCO2 process is shown in Fig. 3 . Compared with Fig. 1 , the main differences are originated from three aspects including: (1) the fluidized bed is operated at lowpressure condition at approximately 5 bar and fuel gas and air are compressed into operating pressure prior to being sent into chemical looping combustion system; (2) two gas turbines are installed at the outlet of both chemical looping combustion reactors (i.e. AR and FR) to expand the high-temperature flue gases for electricity production; (3) two-stage intercooling compressor is used to replace the previous one-stage compressor for the purpose of reducing compression work, hence bringing extra energy efficiency benefits. 4 depicts the comparison between CLC-sCO2 and improved CLC-sCO2 cycle for power generation in terms of supercritical CO2 compression work, net electricity output and net electricity efficiency. Due to the incorporation of two-stage intercooling compressor, the work required for performing compression of supercritical CO2 has been reduced, as reducing from 24.48 MW in single compressor to 22.61 MW in two-stage intercooling compressor. On the other hand, operation of chemical looping combustion under low-pressure fluidized bed brings some extra electricity output benefits by means of expanding flue gases in gas turbines, however this enhancement is not obvious which is mainly due to the limited operation temperature of fluidized bed (~850 o C). As such, approximately 2% net electricity increment is obtained in the improved CLC-sCO2 process in comparison with CLC-sCO2 process. 
Challenges
According to the main findings, thermal efficiency benefit of a CLC-sCO2 power plant in relative to a CLCsteam cycle in the application of interconnected fluidized bed has been disclosed. However there still exist several challenges before this conceptual process finally can be regarded as "near-term" solution for practical application of CLC. Firstly in respect to thermally coupling CLC with supercritical CO2 cycle, the excessively released heat from the AR are collected via supercritical CO2, and it is necessary to design an effective cooling wall suitable for transferring sufficient heat absorbed by the supercritical CO2; secondly, as mentioned previously, lower supercritical CO2 cooling temperature benefits for higher thermal efficiency, however the physical property of supercritical CO2 changes greatly near the critical point, therefore further research efforts are deserved to verify the experimental feasibility of this conceptual process; thirdly the pressure ratio of the overall supercritical CO2 cycle is limited, as a result, further improvement related to increase in work output from this cycle is unoptimistic currently. On the other hand, designing flexible bearings for supercritical CO2 gas turbine is of importance for further improvement; finally, the high capital cost associated with regenerator due to its abundant heat exchanging is also a great challenge for future application of CLC-sCO2 process for power generation.
Conclusion
Fluidized-bed chemical looping combustion (CLC) for power generation system can be regarded as "near-coming" solutions for commercialization due to the abundant and relatively matured experience of CLC in interconnected fluidized bed over the past decades. In this work, the possibility and benefit of thermally coupled CLC with supercritical CO2 instead of steam as cycle fluid are investigated. Approximately 6.4 percentage points of net electricity efficiency is benefited from CLC-sCO2 power plant, as compared with CLC-steam cycle. The sensitivity analyses reveal both supercritical CO2 cooling temperature and working pressure are essential parameters in determining the performance of CLC-sCO2 power system, but supercritical CO2 working pressure is less sensitive. Further improving method to elevate the thermal efficiency of the CLC-sCO2 power system are conducted including low-pressure operation of CLC and adopting multi-stage intercooling compressor instead of one-stage compressor, as a result, the improved CLC-sCO2 power system earns additional 2% net efficiency benefits compared with former one.
